We experimentally demonstrate an ultra-large-capacity, high-spectral-efficiency fiber-wireless-integration system within the V-band (50-75 GHz), employing single-carrier polarization-division-multiplexing 64-ary quadrature-amplitude-modulation (PDM-64QAM) modulation and heterodyne coherent detection. In our demonstrated system, up to a 10-Gbaud (120-Gb/s) PDM-64QAM vector millimeter (mm)-wave signal at 57.2 GHz can be generated with a bit-error ratio (BER) less than the hard-decision forward-error-correction (FEC) threshold of 3.8 × 10 -3 , while an up to 20-Gbaud (240-Gb/s) PDM-64QAM vector mm-wave signal at 57.2 GHz can be generated with the BER less than the soft-decision forward-error-correction (SD-FEC) threshold of 2 × 10 −2 . In our demonstrated system, a 10-Gbaud (120-Gb/s) 57.2-GHz PDM-64QAM vector mm-wave signal can also be delivered over a 60-km single-mode fiber-28 (SMF-28) and an 1-m wireless distance with a BER less than the SD-FEC threshold. To the best of our knowledge, this is the first time that an over 100-Gb/s single-carrier wireless mm-wave signal delivery at V-band has been realized.
Introduction
The fiber-wireless-integration (FWI) system is a powerful candidate for future broadband mobile data communications, since it can offer both the large capacity of fiber-optics communication and the high mobility of wireless communication [1] - [9] . Both multi-dimensional multi-level vector signal modulation and digital coherent detection techniques have been introduced into the FWI system to increase the spectral efficiency and improve the receiver sensitivity, respectively. The employment of these two techniques in the FWI system significantly promote the increase of wireless transmission capacity even to 100 Gb/s and beyond, which has been widely demonstrated by the research community [10] - [15] . In these demonstrated ≥ 100-Gb/s FWI systems [10] - [15] , polarizationdivision-multiplexing quadrature phase shift keying (PDM-QPSK) and polarization-divisionmultiplexing 16-ary quadrature amplitude modulation (PDM-16QAM) are two kinds of widely used multi-dimensional multi-level vector signal modulation formats; digital heterodyne coherent detection usually combines with analog down conversion to overcome the bandwidth limitation of the analog-to-digital converter (ADC).
On the one hand, as we know, compared to PDM-QPSK and PDM-16QAM, PDM-64QAM has a higher spectral efficiency and can better boost the transmission capacity within a given signal bandwidth [16] - [21] . On the other hand, the FWI system located within the V-band (50-75 GHz) is attracting a lot of research interest, since it is very suitable for indoor wireless communications because of its high propagation loss [21] - [24] . Moreover, the employment of relatively low-frequency V-band may avoid the analog down conversion at the wireless receiver if we employ a large-bandwidth ADC. However, the reported V-band FWI systems typically have relatively low transmission rates. As we know, up to now, the attained maximum transmission rate within the V-band is 84 Gb/s, by Lin et al., employing single-carrier 64QAM modulation [21] . However, the corresponding experimental system reported by Lin et al. [21] employs electrics-photonics-hybrid mm-wave generation technique at the transmitter side and analog down conversion technique at the receiver side, and the imperfect electrical components, particularly the mixer with a large insertion loss (for example, 10 dB), employed by both techniques, evidently will degrade the system performance and limit the available transmission rate; Moreover, the receiver-based digital-signal-processing (DSP) algorithms employed by this experimental system is quite different from that employed by typical digital heterodyne coherent detection [10] - [15] . Thus, it is interesting to investigate the employment of PDM-64QAM vector modulation and digital heterodyne coherent detection into a V-band FWI system with photonics mm-wave generation technique and without analog down conversion, to realize ≥ 100-Gb/s ultra-large-capacity high-spectral-efficiency wireless signal transmission.
In this paper, we experimentally demonstrate an ultra-large-capacity high-spectral-efficiency single-carrier FWI system located within the V-band, employing high-level PDM-64QAM vector modulation and heterodyne coherent detection. This demonstrated system can generate not only up to 10-Gbaud (120-Gb/s) 57.2-GHz PDM-64QAM vector mm-wave signal with a bit-error ratio (BER) less than the hard-decision forward-error-correction (HD-FEC) threshold of 3.8 × 10 −3 , but also up to 20-Gbaud (240-Gb/s) 57.2-GHz PDM-64QAM vector mm-wave signal with a BER less than the soft-decision forward-error-correction (SD-FEC) threshold of 2 × 10 −2 [18] . Photonic heterodyning technique is used to generate the 57.2-GHz PDM-64QAM vector mm-wave signal, and no analog down conversion is required at the wireless receiver. To the best of our knowledge, this is the first time to realize over 100-Gb/s single-carrier wireless mm-wave signal delivery at V-band. Fig. 1 gives the experimental setup of our demonstrated ultra-large-capacity V-band single-carrier PDM-64QAM FWI system. In our demonstrated system, a 57.2-GHz PDM-64QAM wireless vector mm-wave signal is generated by the heterodyne beating of two free-running external cavity lasers (ECLs), then delivered over a 2 × 2 multiple-input multiple-output (MIMO) wireless air link, and finally, directly captured by a high-speed digital storage oscilloscope (DSO) for offline digital signal processing (DSP).
Experimental Setup for V-band FWI System Employing PDM-64QAM Vector Modulation and Heterodyne Coherent Detection
At the transmitter end, a 1550.933-nm continuous-wave (CW) lightwave is first generated from ECL1, then modulated by a 10∼24-Gbaud 64QAM electrical baseband signal via an inphase/quadrature (I/Q) modulator, then boosted by a polarization-maintaining Erbium-doped fiber amplifier (EDFA), and finally polarization-multiplexed by a polarization multiplexer. Here, a 64 − GSa/s digital-to-analog converter (DAC), with 13-GHz 3-dB electrical bandwidth, is used to generate the 10∼24-Gbaud 64QAM electrical baseband signal, which has a pseudo-random binary sequence (PRBS) length of 6144 × B (B denotes the baud rate). Two parallel electrical amplifiers (EAs) are employed to boost the 64QAM electrical baseband signal before it drives the I/Q modulator. The I/Q modulator, used for optical 64QAM modulation, has 32-GHz 3-dB optical bandwidth. The polarization multiplexer comprises a polarization-maintaining optical coupler (OC) to split the input signal into two tributaries: an optical delay line (DL) in one arm to provide a 150-symbol delay, an optical attenuator in the other arm to balance the power of the two tributaries, and a polarization beam combiner (PBC) to recombine the two tributaries. The output of the polarization multiplexer is thus a PDM-64QAM optical baseband signal.
Next, the generated PDM-64QAM optical baseband signal is delivered over 1∼4 spans of 20-km single-mode fiber-28 (SMF-28), and then boosted by EDFA1 before it is sent to an integrated polarization-diversity phase-diversity 90 0 optical hybrid. The other input signal of the integrated optical hybrid is a 1551.392-nm CW lightwave generated from ECL2 and boosted by EDFA2. This 1551.392-nm CW lightwave from ECL2 functions as an optical local oscillator (LO) and has a 57.2-GHz frequency spacing from the central carrier frequency of the generated PDM-64QAM optical baseband signal. Both ECL1 and ECL2 have a linewidth less than 100 kHz and an output power of 13 dBm. Each span of 20-km SMF-28 has an average loss of about 4.5 dB and a chromatic dispersion (CD) coefficient of 17 ps/km/nm at 1550 nm, in the absence of optical dispersion compensation. The integrated optical hybrid includes two polarization beam splitters (PBSs) and two 90 0 optical hybrid. After polarization-diversity operation by the integrated optical hybrid and up-conversion by subsequent balanced photodiodes (BPDs), we can obtain two 57.2-GHz 64QAM wireless vector mm-wave signals, which can be considered as a PDM-64QAM wireless vector mmwave signal at 57.2 GHz. Each BPD has 70-GHz optical bandwidth. It is worth noting that fiber transmission can introduce polarization rotation of the PDM-64QAM optical baseband signal, and therefore each output of the PBS may contain both the data encoded into X-and Y-polarization at the transmitter end. It is also worth noting that, although an entire integrated optical hybrid and four BPDs are displayed in Fig. 1 , only two pairs of the output ports (i.e., XI and YI) of the integrated optical hybrid and two BPDs are actually used. As a result, the heterodyne coherent detection scheme employed by our experimental system is actually the integrated one proposed by J. Zhang et al. [25] . Fig. 2 gives the X-polarization optical spectra (measured at 0.02-nm resolution) after polarization diversity at 10 Gbaud and 20 Gbaud, respectively. The specific measurement point for Fig. 2 is marked in Fig. 1 by a green arrow. Fig. 2(a) corresponds to 80-km SMF-28 transmission, while Fig. 2(b) corresponds to no fiber transmission.
After passing through two parallel V-band EAs, the generated PDM-64QAM wireless vector mmwave signal is delivered by a 2 × 2 MIMO wireless air link located within the V-band. Each V-band EA has a 30-dB gain, a 17-GHz 3-dB electrical bandwidth, and a 20-dBm saturation output power. Two pairs of V-band horn antennas (HAs) compose the 2 × 2 MIMO wireless air link, and each HA has a 25-dBi gain, a 10 0 3-dB beamwidth, and a frequency range of 50∼75 GHz. In the 2 × 2 MIMO wireless link, the X-polarization wireless link is in parallel to the Y-polarization one, each pair of transmitter and receiver HAs is separated by 1 m, and two transmitter (receiver) HAs are separated by 10 cm. At the wireless receiver end, the received 57.2-GHz PDM-64QAM wireless vector mm-wave signal is directly captured by a 160-GSa/s DSO with 65-GHz 3-dB electrical bandwidth. We recover the transmitter data from the captured signal via offline DSP, the detailed procedures of which are just as follows. First, with the aid of a digital LO, we down-convert the captured signal from 57.2 GHz to baseband [25] . Second we resample the down-converted baseband signal at twice of the baud rate. Third, we perform the clock recovery based on a peak-search method after GramSchmidt orthogonalization procedure (GSOP). Fourth, we implement multi-modulus recovery and polarization de-multiplexing, employing 37-tap T/2− spaced cascaded multi-modulus algorithm (CMMA) equalization [26] . The following carrier recovery includes frequency offset estimation (FOE) based on fast Fourier-transformation (FFT) method and feed-forward carrier phase estimation (CPE) based on blind-phase-search (BPS) method [27] . Then, 113-tap T-spaced decision-directed least-mean-square (DD-LMS) equalization is used to eliminate the phase noise and converge each constellation points [28] . Finally, we perform differential decoding before BER calculation to eliminate the π/2 phase ambiguity. Fig. 3 gives the measured BER performance for the 10-Gbaud PDM-64QAM vector mm-wave signal when we change the optical LO-to-signal ratio (LSR). For this measurement, there is no wireless and transmission fiber in the system. Here, the optical LSR is defined by the power ratio of the optical LO to the optical 64QAM signal as shown in Fig. 2 , and measured at one of the two X-polarization Q-component (XQ) outputs of the integrated optical hybrid. We change the optical LSR by changing the power of the optical 64QAM signal while fixing the power of the optical LO at 7 dBm. We can see from Fig. 3 that, with the decrease of the LSR, the BER first significantly decreases, and it can be under the HD-FEC threshold of 3.8 × 10 −3 when the LSR is decreased to 27.5 dB. This is because, within a certain range, the increase of the power of the optical 64QAM signal means the increase of the detected signal-to-noise ratio (SNR) by the BPD. However, with the further decrease of the LSR, the BER only slightly decreases and then even slightly increases. This mainly because too large optical signal power will lead to the saturation in the BPD, which degrades outer constellation points. On the whole, the BER can keep relatively stable and under the HD-FEC threshold of 3.8 × 10 −3 within a relatively large LSR range from 7.5 dB to 27.5 dB. Insets in Fig. 3 give the captured 57.2-GHz signal spectrum and the recovered X-and Y-polarization 64QAM constellations corresponding to 19.11-dB LSR, with an average BER of 6.4 × 10 −4 . Fig. 4 gives the measured BER performance for the 10-Gbaud PDM-64QAM vector mm-wave signal when we change the transmission fiber length from 0 to 80 km. For this measurement, there is 1-m wireless delivery in the system, and the optical LSR is fixed at about 26 dB. We can see from Fig. 3 that, the BER can be under the SD-FEC threshold of 2 × 10 −2 when the fiber transmission length is increased up to 60 km. respectively. There is no fiber transmission for this measurement. We can see that, in the scenario of no wireless delivery, the BER can be under the SD-FEC threshold of 2 × 10 −2 within a LSR range from 11 dB to 19 dB. 1-m wireless delivery causes some BER degradation and the measured minimal BER in this scenario is 4 × 10 −2 . Insets in Fig. 5 give the captured 57.2-GHz signal spectrum and the recovered X-and Y-polarization 64QAM constellations corresponding to 13.4-dB LSR and 1-m wireless delivery, with an average BER of 8.7 × 10 −3 . Fig. 6 gives the measured BER performance for the PDM-64QAM vector mm-wave signal when we increase the transmission baud rate from 10 Gbaud to 24 Gbaud. There is no wireless and transmission fiber for this measurement, and the optical LSR is fixed at about 16 dB. We can see from Fig. 6 that, the BER increases with the increase of the transmission baud rate, and it can be under the SD-FEC threshold of 2 × 10 −2 when the transmission baud rate is increased up to 22 Gbaud. The worse BER at higher baud rates is mainly because of the limited 13-GHz DAC bandwidth for high-baud-rate 64QAM electrical baseband signal and the limited 65-GHz DSO bandwidth for high-baud-rate 57.2-GHz PDM-64QAM vector mm-wave signal.
Experimental Results

Conclusion
We experimentally demonstrate an ultra-large-capacity single-carrier PDM-64QAM FWI system located within the V-band. In our demonstrated system, 10-Gbaud (120-Gb/s) 57.2-GHz PDM-64QAM vector mm-wave signal can be generated with a BER under the HD-FEC threshold of 3.8 × 10 −3 , and it can also be delivered over 60-km SMF-28 and 1-m wireless distance with a BER under the SD-FEC threshold of 2 × 10 −2 . Our demonstrated system can also generate up to 20-Gbaud (240-Gb/s) 57.2-GHz PDM-64QAM vector mm-wave signal with a BER under the SD-FEC threshold.
